The three-layer
Abstract
The three-layer snow model of Lynch Stieglitz et al. [1994] In the northemhemisphere, the meanmonthly land areacoveredby snowranges from 7% to 40% during the annualcycle, making snow cover the most rapidly varying large scalesurfacefeatureon earth [Hall et al., 1994] . As such, the spatial structure of snow cover can have an important impact on atmospheric circulation. Snow covered landscapes adjacent to bare soil regions have been found to produce mesoscale wind circulations [Johnson et al., 1984] . Historical data analysis has suggested that snow cover extent influences the development of the Asian monsoons in that an earlier snowmelt is associated with greater summer land heating and a stronger monsoonal season.
[ Dey and Bhanukumar, 1983; Hahn and ShukIa, 1976; Kripalani et al., 1996; Ropelewski et al., 1984] . More recently, Kumar et al. [1999] As a medium-term water store, snow plays an important role in springtime runoff generation and flood production. In many northern latitude regions, as well as regions with high relief, spring meltwater derived from the winter snow pack represents the greatest source for the yearly ground moisture budget [Aguado, 1985] . Further, at high latitudes the magnitudeand timing of spring snowmelt water delivered to the Arctic Oceanaffects the stability of the ocean'ssurfacelayer, and it thereby affects ocean circulationandseasonal seaiceformation [Mysakand Venegas, 1998 ].
Since a snowpack is thermally insulating and limits the otherwise efficient heat exchange between the ground and the atmosphere, it controls the evolution of wintertime et al., 1996; Goulden et al., 1998; Stieglitz et al., in review] .
Further, due to the greenhouse capacity of trace gases, the interaction between ground freezing, vegetation and release of soil carbon as CO2 or CH4 can also lead to climate feedbacks that act on longer time scales.
As a practical demonstration of the impact that snow insulation has on the evolution of ground temperatures, Figure  1 shows air and ground temperatures at two sites for which seasonal snow cover is significant; Sleeers River, Vermont, and Imnavait
Creek, Alaksa. During the summer months, when the snowpack is non-existent, the air and surface ground temperature track each other with only a small offset in temperature.
However, once the snow begins to accumulate, the relatively warm ground is insulated from the cold atmosphere and ground temperatures remains warm throughout the season.
In effect, the pack prevents the escaping of heat from the warm ground to the atmosphere, or conversely,dampsout the cold wintertime temperaturesignal in the snowpackwell beforeit reachesthe ground.
Despite the acknowledged role that the snowcoverplaysin regulating the earth's global water andenergybudgets,mostland surfacemodels(LSMs) intendedfor usein exploring the above mentionedfeedbacks(i.e., coupled with atmosphericcirculation models,ocean,and seaice models)areinadequatefor modelinghigh latitude processes. et al., 1995; Hardy et al., 1998; Jordan, 1995] , the treatment of snow processes, especially those used within general circulation models (GCMs), have been relatively simple. Some models consider the winter snow pack only as a store of moisture [Abramopoulos et al., 1988; Bonan, 1996; Koster and Suarez, 1996] , while others blur the distinction between the snow and the ground surface altogether by envisioning a composite soil and snow layer [Dickinson et al., 1993; Pitman et al., 1991] . Still others do distinguish  between  separate  snow and ground layers, yet represent the entire pack with a single snow layer regardless of the actual pack depth [Slater et al., 1998; Verseghy, 1991] In this region of the U.S., snow cover, which is appreciable from 7
December to 5 May, limits the heat flux from the ground to such an extent that below 7.5 cm the ground is never frozen and by the end of the spring melt the ground is entirely thawed.
Hourly hydro-meteorological data were used to force an LSM that treated snow cover as nothing more than a store of water and energy. and Graf, 1998a; Loth and Graf, 1998b; Loth et al., 1993; Stieglitz et al., 1997; Yang et al., 1°_97] . et al., 1997; Zimov et al., 1996; Zirnov et al., 1993] , this winter respiration can account for as much as 30% of the annual soil respiration at high latitudes. Figure  9 shows the that spatial difference in temperatures for the deepest soil layer between the new and old snow scheme after the model is spun up can be as much as Figure 4 ). 16 The fact that the soil heat content using the old snow scheme is less than that of the new snow scheme, especially at lower latitudes, is reflected in the permafrost maps in Figure 10 . and Indian monsoon rainfall, J. Atmos. Sci, 33, 2461 Sci, 33, -2462 Sci, 33, , 1976 Sci, 33, ., 1976 Mon. Wea. Rev., 112, 1141 -1152 , 1984 . 
